Needle-like single crystals of aluminum nitride (AlN) were synthesized by the direct nitridation of an AlSi binary melt. The growth behavior and shape of the needles were changed by varying the Al:Si ratio. With lower Al content, needles with high aspect ratio (>20) preferentially grew on the AlSi melt and crucible wall. With increasing Al content, needles with lower aspect ratios having various shapes such as ribbon-like and bended shapes tended to grow. The longer directions of the needles could mainly correspond to the c-axis of a wurtzite-type AlN.
The growth of AlN single crystals and thin films is another important area of research. AlN single crystals have been used in substrates and buffer layers in the growth process of GaN and AlGaN. 10)13) AlN also has attracted attention for use in widebandgap devices such as a deep ultraviolet light-emitting diode (UV-LEDs). 14) In addition, AlN single crystals with needle or whisker shapes are used as seed crystals in the growth of largesized AlN single crystals, 15) thermal conductive fillers, 16) and composite reinforcement materials. 17) The growth of AlN single crystals by the sublimation of AlN powders, 18) , 19) direct nitridation of Al in N 2 atmosphere, 20) carbothermal reduction nitridation (CRN) of Al 2 O 3 , 21), 22) and hydride vapor physical transportation using AlCl 3 and NH 3 23), 24) has been studied. The direct nitridation of Al is a simple process for obtaining large-sized AlN crystals at relatively low temperatures. In this process, the crystal tends to have a needle-like shape from 1800 to 1900°C and a platelet-like shape at higher temperatures. 20) However, the low melting point (660°C) and high heat of nitridation (¦H 298K = ¹318 kJ mol
¹1
, as calculated using the FACT-Web program) of Al often make the evaporation and nitridation rate of Al uncontrollable; this limits the ability to control the morphology of AlN crystals by the growth temperature alone. One of the solutions to this problem is to use a binary melt containing Al 25) instead of a pure Al melt. Si has a much higher melting point (1414°C) and lower heat of nitridation (¦H 298K = ¹246 kJ mol ¹1 , as calculated using the FACT-Web program) than Al. Therefore, the morphology of AlN can be controlled by changing the Al:Si ratio in the AlSi melt. In this study, we synthesized needle-like AlN crystals by the direct nitridation of an AlSi binary melt with various Al:Si ratios.
Commercially available Al powder (Rare Metallic Co., Ltd., 99.9%) and Si powder (Rare Metallic Co., Ltd., 99.9%) were used for raw powders. These powders were weighted with Al:Si molar ratios of 1:3, 1:1, 3:1, and 1:0 (without Si) and then mixed with alumina mortar and pestle for 10 min. The powder mixture was placed in a reaction-bonded silicon nitride (RBSN) crucible (Takion Co. Ltd., º24 mm © 9 mm); the crucible was then placed in the crystal growth reactor, as shown in Fig. 1 . A graphite pipe heater was heated by using an induction heating furnace. The samples were heated at 1450°C for 1 h in Ar flow (1 L min ¹1 ) to form the AlSi binary melt, and then, the temperature was increased to 1700°C in N 2 flow (1 L min
). The temperature of the crucible was monitored using an optical pyrometer. A temperature gradient for the growth was produced by horizontal N 2 flow above the crucible.
The crucibles and as-grown needles were photographed, and then, the grown needles were peeled-off from the crucible. Peeled-off needles were placed on a glass holder to evaluate the phases present and crystal orientation by XRD. In addition, the morphology and element distribution of the needles grown from a melt having Al:Si ratio of 1:3 were evaluated by SEM-EDS. Figure 2 shows photographs of the as-grown needles formed in the crucibles. Although the crucible for the sample with Al:Si ratio of 1:3 was not damaged, those for the other samples were damaged. This might be caused by the infiltration of an Al-rich melt with lower melting point into the pores of the crucible and the nitridation of the melt involving large volume change and extreme reaction heat. In all cases, fluffy needles were formed, and they agglomerated on the residual AlSi alloy dome or the crucible wall. The morphology of the needles was changed by varying the Al:Si ratio. With lower Al content (e.g., Al:Si ratio of 1:3), needles with very high aspect ratios grew preferentially. These needles have straight shapes that are different from those of the bended needles obtained in a previous study. 20) At Al:Si ratio of 1:1, ribbon-like needles with lower aspect ratios were seen. With higher Al content (e.g., Al:Si ratio of 3:1), needles with lower aspect ratios grew radially. Bended needles grew frequently from a pure Al melt. Basically, the grown needles tended to take various forms from a melt having higher Al content. Figure 3 shows whole SEM images of the needles. Needles grown from a melt having Al:Si ratio of 1:3 preferentially have a whisker shape with a smooth side surface as shown in image (a). The typical length, width, and aspect ratio of the needle was approximately 500¯m, 20¯m, and 25, respectively. Some needles also had an arrow-like shape with a rough side surface composed of a rhombic plate stacking as shown in image (b). The typical length, width, and aspect ratio of the arrow-like needle was approximately 1000¯m, 100¯m, and 10, respectively. The needles grown from an Al-rich melt with Al:Si ratio of 3:1 have various sizes and shapes as shown in image (c). Frequently, we found large-sized arrow-like needles, as shown in image (d). The typical length, width, and aspect ratio of this needle was approximately 1500¯m, 300¯m, and 5, respectively. Figure 4 shows the XRD patterns and SEM-EDS images of the needles grown from a melt having Al:Si ratio of 1:3. The XRD pattern was obtained from unground needles placed on a glass holder to evaluate the crystal orientation. The XRD pattern showed that the synthesized needles were wurtzite-type AlN. No Si 3 N 4 phase was detected from XRD. In the XRD pattern, the 100 diffraction peak was strong, 101 diffraction peak was weakened, and 002 diffraction peak vanished. This implies that the longer axis of the needles could mainly correspond to the c-axis of a wurtzite-type AlN lattice. In the EDS analysis, aluminum, nitrogen, and silicon were detected. The composition in the circled area in the SEM image was Al 40.6 at%N 50.0 at% Si 9.4 at%. This result does not suggest that Si 3 N 4 coexists with AlN, because Si 3 N 4 was not detected from XRD. Although the state of Si is currently unclear, Si could exist as a SiN film deposited on the AlN needles rather than as a Si impurity dissolved in the AlN lattice.
The results suggest that the morphology of the needles is mainly affected by the Al:Si ratio. If the Al content in the AlSi melt is low, the nitridation rate could decrease because the feedrate of Al to the crystal growth area decreases. In addition, Si has higher melting point and lower nitridation reaction heat than Al, which helps in performing "controlled growth". Upon increasing the Al content, the nitridation rate could increase because of the higher nitridation reaction heat and evaporation rate of Al compared to those of Si. Therefore, "uncontrolled growth" occurs, and the needles take various sizes and shapes. The formation of a large-sized needle from the Al-rich melt [ Fig. 3(d) ] seems to correspond to the higher partial pressure of Al during growth process. Although the formation mechanism of the needle shape is currently unclear, vaporliquidsolid (VLS) growth from the AlSi melt and vaporsolid (VS) growth involving a reaction of Al and the N 2 atmosphere are considered possibilities. In the case of the carbothermal reduction nitridation (CRN) of Al 2 O 3 , AlN whiskers could be nucleated by the VLS mechanism and then grown by the VS mechanism. 22) Even though the growth process in this work is not CRN, we think that the same mechanism could be presented in this work.
In this study, we synthesized needle-like single crystals of AlN by the nitridation of an AlSi melt. The shape of the needles changed as the Al:Si ratio in the binary melt was varied. Needles with smooth surfaces and high aspect ratios were preferentially grown from a melt with an Al:Si ratio of 1:3. The randomness of the needle shape tended to increase with the Al content in the melt. The findings of this study could contribute to the control of the crystal morphology of AlN.
